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Introduction
This study was motivated by a former collaborator who used an industrial scale plate and frame ultrafiltration module to process used motor oils. The overall bank productivity did not change as anticipated based on pressure limited flux or mass transfer limited flux using film theory when the operating pressure or pumping rates were changed; it was suspected that flow and pressure maldistribution in the five channels may have been a contributing factor. The current work represents the development of a 1D model which can give pressure and flow distributions for this and other module configurations. Three-dimensional field solutions (CFD) of the Navier-Stokes equations were used as a benchmark. Distributed or partitioned flow systems are common in industrial practice. In spite of this, there exists only a small amount of technical data and theory available in the literature describing flow distribution behaviour in plate and frame systems. It is thus an objective of this paper to develop and present two approaches to modeling flow distribution in a plate and frame system, and to discuss their relative merits.
A finite-difference model developed by Majumdar [1] to resolve flow through dividing and combining manifolds was presented. The model was a mixed type, based on a onedimensional momentum equation and flux continuity for flow along the axis of the distributor, and a Bernoulli type energy balance for velocity components and static pressure in the lateral direction. A characteristic pressure increase in the axial direction of the manifold was predicted, arising from the deceleration of the feed as fluid was bled off into the outlet streams. The dividing and combining manifolds were not coupled to form a closed system. Heggs and Scheidat [2] studied the heat transfer and fluid distribution in a 60 channel plate and frame heat exchanger with a Z flow arrangement. Their 1D solution predicted a skewed parabolic flow distribution which, compared to a uniform distribution, varied from −45% at the first channel, to 200%, at the last channel. The lowest flow rate was located near the inlet but not at the first channel. Similar results were reported by Edwards et al. [3] . Kee et al. [4] proposed a generalized model for flow distribution in planar fuel cells, predicting uniform, parabolic or monotonically increasing flow distributions with channel number as a function of dimensionless module and operating parameters.
A three-dimensional solution was sought using the commercial CFD code, Fluent © . The 3D solution produced high resolution pressure and velocity fields which provided a basis for evaluating the appropriateness and quantitative accuracy of some of the engineering expressions employed in Bernoulli-type models. Naturally, a sufficiently accurate simple mathematical model is preferable for engineering work. The corresponding full Navier-Stokes simulation results are used to validate the simpler 1D solution. The latter can then be used as a screening tool for optimization of module designs.
New contributions in this work to the 1D solution, which were not implemented in the preceding references, were (1) incorporation of the 1/7th power law velocity distribution in the distributor and collector, (2) use of a variable contraction co-efficient for distributor orifice pressure drops and (3) a unique approach to model combining flows in the collector.
Solutions to the 1D problem were obtained using an electric circuit analogue. This approach has been used to model the circulatory system of the human body, where, for example, a capacitor was used to represent the elasticity of the blood vessels [5, 6] . Toldy et al. [7] and Ke and Ti [8] used a similar approach to model pipeline flow.
The present work deals with the flow field in only one bank of the total module. It assumes that an inlet manifold, which was omitted for the present work, provides equal distribution to all three bank inlets. Future work will seek to model the main inlet manifold, attempt to optimize physical parameters of the module and address permeation behaviour. Aspects regarding the impact of inter-channel maldistribution are discussed qualitatively in the current work.
The physical system
The plate and frame module consists of 10 banks with five channels per bank. Dimensions and other details are given in Table 1 . A schematic of the flow path is given in Fig. 1 ; the main feed goes to a slot manifold which nearly spans the width of the module and feeds the three distributor tubes at the top of the bank. The distributors and collectors are formed 
where h is the channel gap. As will be discussed later, the 1D model uses a modification where the orifice area is assumed to be one half that given by Eq. (1). Only the orifice area is halved for the purposes of calculating orifice pressure losses, Dp is not changed. Computational efficiency was gained by modeling one third of the channel width with the assumption of equal flow distribution to each of the three distributors. It is recognized that this may be a poor assumption, particularly for the first bank immediately following the main inlet manifold, but may be more appropriate for subsequent banks. Modeling was further simplified with the assumption of a solid wall for the membrane surfaces as the fluxes were considered negligible. Average fluxes with used motor oil as the feed were < 3l/m 2 /h( 4 .16 × 10 −6 m 3 /s), with a permeation area of approximately 5 m 2 per bank, this flux is only 0.032% of the feed rate. Karode [9] showed that deviations from pressure drops for impermeable walls only became significant with module lengths well beyond those in the plate and frame module and with significantly higher fluxes (100 l/m 2 /h).
Theory

1D model
General description and solution method
Flow and pressure distributions in 1D were obtained using an electric circuit analogue, a typical circuit is shown in Fig. 2 . Flow directions are assumed to be left to right and top to bottom, in the direction of increasing channel number and from the inlet to the outlet. The volumetric flow rate and the pressure are analogous to the current and voltage, respectively.
The 1/7th power law velocity profile was assumed in the distributor and collectors. It was also assumed that this profile re-established itself immediately after the perturbations arising from branching and combining flows after each of the channels. Fluid at the circumference with the subscript c represents fluid leaving the distributor or entering the collector. The subscript r designates fluid which (a) remains in the distributor and continues downstream or (b) is coming from upstream in the collector.
Starting immediately after orifice i in Fig. 2 , the clockwise pressure balance around the loop defined by channels i and i + 1 is,
The positive terms in Eq. (2) represent pressure changes in the assumed clockwise flow direction for the (i + 1)st distributor, distributor orifice, channel and collector orifice. The negative terms represent pressure changes opposite the assumed flow direction for the ith collector, collector orifice, channel and distributor orifice. The solution was obtained by varying the volumetric flow rate in each channel such that the function PE, which we called the pressure error, PE:
was minimized. This forced the pressure loss for the fluid in channels i and i + 1 and the associated collector and distributor to be equal, as they must be, under the assumption of no pressure change across the diameter of the distributor or collector. There are n − 1 unknown flows in the n channels, the last being known by conservation of mass. Initial guesses of equal flow distributions were used. The appropriate pressure loss expressions for laminar or turbulent conditions were used depending on the local Reynolds number. The Reynolds numbers of interest in the module are for the plenums, orifices and channels (see Nomenclature), specific values for the various Reynolds numbers are discussed in the relevant sections of the 1D model description. Issues regarding turbulent-laminar flow in the CFD solution are discussed in Section 3.2.6. The transition between laminar to turbulent flow with the 1D model occasionally caused premature convergence to an incorrect solution by some solver routines as this represented a constraint. A new initial guess, which caused the local conditions to cross over into the other flow regime, was used in these cases. A solution was typically obtained in less than 10 s and with PE < 1Pa 2 . The individual terms in Eq. (2) are described below.
Distributor losses
We will address two pressure changes in the distributor, one for the fluid leaving the distributor, P do i+1 , and one for the fluid remaining in the distributor, P d i+1 .
Distributor orifice losses.
Bernoulli's energy equation for a single sharp edged orifice, P do i+1 , according to Strakey and Talley [10] is
where V dc i is the average velocity of the fluid leaving the distributor from the circumference, V do i is the average velocity of the fluid in the orifice, P d i and P do i are the pressures in the distributor and at the orifice exit. Frictional losses along the orifice wall are
where e and d are the orifice length and diameters respectively. Turbulent losses are determined using Strakey's solution of potential flow theory in an infinitely wide channel with a slot orifice. Strakey's dimensions for the slot "a" and manifold height "b" correspond to the channel gap, h, and 1/2 the distributor diameter, D p , in our module. E turb is
Strakey showed that for e/ h > 1, the contraction coefficient, C c , was a function of only V do i /V dc i and reached the limiting value of 0.61 if V do i /V dc i > 2. The C c in the manifold problem of Darcovich et al. [11] was set at a constant (∼ 0.61). The typical situation in the plate and frame module did not allow this assumption as V do i was typically <V dc i which gave C c values as low as 0.15, and represented almost 2 orders of magnitude difference in the orifice pressure drop.
The C c is normally calculated by solving four simultaneous non-linear equations. 1D solutions were facilitated by expressing C c as a function of only V do i /V dc i since the ratio e/ h was constant and equal to 2 for this module. A nonlinear regression of the functional form of Eq. (7) with exact solutions to Strakey's potential flow theory yielded
Typical engineering calculations assume a uniform velocity profile in a pipe in turbulent flow [12] . This will underestimate the pressure increase along the distributor, particularly at higher mean cross flow velocities. A flat velocity profile also gives larger values for V 2 do i which overestimates orifice pressure losses in Eq. (6). The 1/7th power law velocity profile was incorporated in this work using the approach of Escobar [13] and Darcovich et al. [11] for the distributors and, in a new approach, was extended to the collector. Reynolds numbers in the distributor, which represents the upstream condition for the orifice, are 1800 for oil at the lowest cross flow velocity. Although the average distributor velocity decreases as flow exits via the channels the flow will be considered turbulent due to the short (0.00635 m) flow path before the next channel.
Implementation of the 1/7th power law velocity distribution required integrating the velocity profile:
which gives the fractional volumetric flow leaving the distributor, via the outer annulus, as a function of the radius. In any given iteration, the local Q r /Q t for the distributor in question was known based on the current flow distribution. The solution to Eq. (8) was expressed as a fifth order polynomial fit of Q r /Q t to give r. The average velocities of the fluid leaving via the orifice and remaining in the distributor were then calculated. A similar approach was used to calculate the velocities of the fluids combining at the collector. At a given iteration and collector location, the ratio of fluid entering the collector Q r and the total flow after combining, Q t , were known. The radius partitioning the downstream collector was used to calculate the velocities of the core and annular fluid.
Distributor plenum losses.
Bernoulli's energy balance for fluid remaining in the distributor to give P d i+1 is
where V dr i is the average velocity of the fluid remaining in the distributor after the ith channel and V d i+1 is the average velocity of the same fluid after expanding. V dr i was determined using Eq. (8) . The frictional losses are determined according to Geankopolis [14] where L p and D p are the plate thickness (which sets the fluid path length along the distributor in this configuration) and the distributor diameter.
Channel losses
The overall pressure drop in the ith flow channel, P channel i , is estimated by
The components of the overall channel pressure drop are summarized in Table 2 and depend on the Reynolds number in orifice or channel i. Channel Reynolds numbers were generally under 2000 with oil in all channels. The only exception was at a design cross flow velocity of 5 m/s in channels 4 and 5 where Re reached 2100 and 2700, respectively. Reynolds numbers with water indicated turbulent flow in all cases except in channel 1 at design cross flow velocities of 0.5 and 1 m/s where the maldistribution was such that these channels saw little flow.
The entrance/expansion losses are based on the orifice Reynolds number = 2Dh orifice ρV do i /µ calculated just Table 2 Pressure drop contributions to flow in the channel for laminar and turbulent conditions Pressure loss term Laminar Turbulent
upstream of the channel. For oil cases, the orifice Reynolds numbers showed transitions from laminar to turbulent depending on the channel number and nominal design cross flow velocity as follows: at 2 m/s in channel 4, at 3 m/s in channel 3 and at 5 m/s in channel 2. Reynolds numbers with water were greater than 2000 for all channels and cross flow velocities. In laminar conditions the expansion loss is expressed as an equivalent length of the channel loss, where the constants 0.42 and 0.0281 are theoretical values for high aspect ratio channels [15] . Turbulent entrance/expansion losses are given by the Borda-Carnot equation where V s i is the average cross flow velocity in the channel.
Pressure drops under laminar conditions are given by the Hagen-Poiseuille flow analogue for channel flow. Turbulent friction losses use the Blasius equation for the friction factor f, where 2000 <N Re < 10 5 with the appropriate hydraulic radius. The contraction/exit losses for laminar conditions is usually expressed as an equivalent length of the downstream channel. In this situation, however, there is no downstream channel. In its place, a turbulent contraction is assumed for all cases.
Collector losses
The collector pressure loss, P c i , comprises a pressure drop for (a) the orifice flow into the collector and (b) contraction and frictional losses.
Collector orifice losses.
In lieu of a rigorous derivation of orifice losses for a collector analogous to Strakey's solution for the distributor, the orifice loss in the collector as estimated by Bernoulli's equation for the orifice pressure drop is:
Application of Strakey's method for the turbulent loss term is not appropriate in this situation. In its place, a turbulent contraction, turning loss and frictional component are used.
The contraction loss is given by K c V 2 cc i /2 where V cc i is the fluid velocity in the outer annulus of the collector, estimated using Eq. (8) with the current estimates of the volumetric flow rates. The contraction coefficient, K c , is estimated from a polynomial regression of tabulated values from [15] . The turning loss term is simply V 2 cc i /2 typical of a 90 • elbow.
Collector plenum losses. The fluid in the collector, after the ith channel has a velocity V cc i . As it approaches the (i + 1)st channel it is forced into a smaller cross sectional area and accelerates to V cr i+1 . As with previous dividing flows, the fluid velocity in the core can be estimated from Eq. (8).
Bernoulli's equation for the flow in the plenum is
The frictional term is given by Geankopolis's expression using V c i . Reynolds numbers based on the average velocity in the collector were usually laminar after the first channels, a result of the maldistribution generating little flow in the collector until the channels near the end of the bank. Nonetheless flow was assumed turbulent owing to the constant influx of new flow from the channels and the short flow paths.
3D simulation
Governing equations
The flow system was governed by equations conserving mass and momentum. At low Reynolds numbers this means respectively that the standard continuity and Navier-Stokes equations were employed. These are given below in Eqs. (13) and (14) .
Eq. (13) is the general form of the mass conservation equation and is valid for incompressible as well as compressible flows.
Conservation of momentum in an inertial (nonaccelerating) reference frame is given by,
where p is the static pressure,τ is the stress tensor (described below), and ρ g is the gravitational body force. The stress tensorτ is given bȳ
where µ is the molecular viscosity, N is the unit tensor, and the second term on the right hand side is the effect of volume dilation.
For elevated Reynolds numbers where turbulent flow occurs, additional equations are added to the system to account for the extra complexity. Given the comparatively low Reynolds number turbulence and transition zones which occurred in the present system, the RNG-based k-ǫ turbulence model was selected. This model is derived from the instantaneous Navier-Stokes equations, using a mathematical technique called "renormalization group" (RNG) methods. The analytical derivation results in a model with constants different from those in the standard k-ǫ model, and additional terms and functions in the transport equations for k and ǫ. A more comprehensive description of RNG theory and its application to turbulence can be found in [16] .
The RNG k-ǫ model has transport equations in a similar form to the standard k-ǫ model. They are written below in Eqs. (16) and (17):
For k,
And for ǫ,
In these equations, G k represents the generation of turbulence kinetic energy due to the mean velocity gradients and G b is the generation of turbulence kinetic energy due to buoyancy. Y M represents the contribution of the fluctuating dilation in compressible turbulence to the overall dissipation rate. The quantities α k and α ǫ are the inverse effective Prandtl numbers for k and ǫ, respectively.
The scale elimination procedure in RNG theory results in a differential equation for turbulent viscosity:
wherê ν = µ eff µ and,C ν ≈ 100
Eq. (18) is integrated to obtain an accurate description of how the effective turbulent transport varies with the effective Reynolds number (or eddy scale), allowing the model to better handle low Reynolds number, and near-wall flows.
In the high-Reynolds-number limit, Eq. (18) gives
with C µ = 0.0845, derived using RNG theory. It is interesting to note that this value of C µ is very close to the empirically-determined value of 0.09 used in the standard k-ǫ model.
A number of the constants and parameters required for implementing the RNG model are outlined below. The inverse effective Prandtl numbers, α k and α ǫ , are computed using the following formula derived analytically by the RNG theory:
where α 0 = 1.0. In the high-Reynolds-number limit ( µ mol / µ eff ≪ 1), α k = α ǫ ≈ 1.393. The main difference between the RNG and standard k-ǫ models lies in the additional term, R ǫ ,intheǫ equation (Eq. (17)) given by,
where η ≡ Sk/ǫ, η 0 = 4.38,β = 0.012. Above, 2 is the modulus of the mean rate of strain.
The model constants C 1ǫ and C 2ǫ in Eq. (17) have values derived analytically by the RNG theory. These values, used by default in Fluent © are,
These default values have been determined from experiments with air and water for fundamental turbulent shear flows including homogeneous shear flows and decaying isotropic grid turbulence. They have been found to work fairly well for a wide range of wall-bounded and free shear flows.
Boundary conditions
Boundary conditions specified at the inlet were a 1/7th power law velocity distribution and the corresponding turbulent kinetic energy and turbulent dissipation rate modeled after equations given in [17] . Concretely,
Above, u is the fluid velocity normal to the inlet, I is the turbulence intensity, and ℓ is the turbulence mixing length, given in terms of the inlet diameter D i . At the outlet, the gauge pressure was specified to be 0 and the turbulent kinetic energy and turbulent dissipation rate were specified to be the same as at the inlet. Gravitational effects were applied in the vertical (x) direction.
Computational parameters
Convergence was verified by tracking (a) residuals (continuity, k, ǫ, and x, y, and z velocity components) (b) pressure distributions in the distributor and collector centerlines and (c) the average flow distribution in the channels. Pressure and flow distributions were examined at 1 × 10 −3 , 1 × 10 −4 , etc. for residuals. Pressure and flow distributions typically stabilized at convergence criteria of 1 × 10 −4 or 1 × 10 −5 for oil simulations and 1 × 10 −5 or lower for water simulations.
Convergence was typically achieved after 500-1500 iterations with residuals unchanging for at least the final 100 iterations. A first-order downwind, segregated solver scheme was employed.
This simulation treated a system with sharp directional changes and severe geometry variations. In order to minimize convergence instabilities, relaxation factors between 0.5 and 0.15 were used. Periodic convergence behaviour was observed for larger relaxation factors.
Grid considerations
The grid was constructed in Gambit © by first meshing the channel faces (of all five channels) that surround the inlet and outlet tubes and then extending the mesh through the channel volume. Each face was meshed by defining nodes along all its edges and then allowing Gambit to map the mesh over the face. This was required in order to obtain a well-structured mesh. A short extension (0.0127 m or 2 channel widths) was added to the distributor at the inlet and collector outlet to avoid recirculation zones on the boundaries.
Each channel was divided into three zones for the purposes of meshing. The first zone extends from the top of the channel to 0.08 m past the center of the distributor. The mesh density in this zone is 0.09 cm to capture recirculation and turbulence effects. The second zone extends from the end of the first zone to 0.08 m before the center of the collector. The mesh density along the flow direction is 0.9 cm and along the channel gap and width it is 0.09 cm. The flow is fairly consistent in this region, so a less dense grid is able to give satisfactory results. The third zone makes up the rest of the channel in the vicinity of the collector and has the same mesh density as the first zone.
The grid densities employed gave pressure drop values accurate to within 5% for the range of laminar and turbulent Reynolds numbers treated in this work. These separate baseline tests were carried out on straight tubes.
It was only necessary to model one sixth of the actual structure in this simulation due to symmetry. The plane of symmetry lies at half the channel width along the y-axis after assuming perfect flow distribution to each of the distributors.
Run conditions
Five different runs were carried out for average cross flow velocities of 0.5, 1, 2, 3 and 5 m/s, assuming perfect distribution from the inlet manifold. The boundary conditions for turbulent kinetic energy and turbulent dissipation rate were set accordingly based on the diameter of the distributor.
Typical cross flow velocities in plate and frame modules are less than 1 m/s. Higher velocities were simulated to further validate comparisons between the 1D and CFD solutions. At lower cross flow velocities, the viscous losses in the channel dominated due to the high viscosity of the oil. This would not be a severe test for the pressure loss predictions of the distributor and collector using the 1D model. A further set of simulations was carried out with water (for its lower viscosity) at the same cross flow conditions to further reduce the contribution of the channel losses in comparison to the distributor and collector.
Turbulent to laminar transitions
From a trial calculation with oil at the highest mass flow rate, a value of k = 14.66 m 2 /s 2 and ǫ = 1.3223 × 10 4 m 2 /s 3 were extracted from a cell just below the feed tube in the center of the last channel. In a maldistributed bank, the last channel was found to have the highest flow rate through it. The ratio k/ǫ gives a characteristic time over which the turbulence should dissipate. When this characteristic time is multiplied by the average velocity in the channel, a characteristic length over which the turbulence will be eliminated can be estimated. For example, at an average fluid velocity of 5 m/s, the turbulence dissipation length was found to be 5.5 mm.
In some real cases however, because of flow maldistribution, the mass flow rate through the last channel at the 5 m/s nominal cross-flow velocity was found to be high enough to produce a turbulent channel Reynolds number. In particular the fourth and fifth channel for the highest inlet velocity case had turbulent flow.
In most cases, the Reynolds number of the flow in the channel indicated a laminar regime. Since no turbulence will be generated under these conditions, the parameters k and ǫ were found to decay quickly along the channel. Trial calculations indicated that for Re < 500, an essentially laminar character was output by the k-ǫ solver. In this way, the functionality of the turbulent parameters maintained a smoothness that would not be possible to achieve if laminar zones were imposed, which would necessarily entail some discontinuity in the solution of field variables. At present, Fluent © cannot support damping functions on turbulent properties.
Results and discussion
The aim of this work is to compare the flow and pressure distribution in a plate and frame module operating in Z configuration as predicted by both a 1D model and a CFD simulation. The CFD solutions were taken as the baseline to which the 1D solution was compared for identifying areas to improve the 1D model. An accurate 1D model would be suitable for rapid evaluation of module modifications. Changes to the 1D model which were implemented after analyzing the CFD solutions included:
• incorporation of the 1/7th power law velocity distribution in the collector, • using a variable contraction co-efficient for the distributor orifice, and • reduction of the effective orifice area.
Design cross flow velocities for plate and frame modules are typically 1 m/s or lower. However comparisons between the two models are carried out at much higher cross flow velocities to verify the accuracy of the 1D model. Flow and pressure distributions were compared using water as a feed to further test the 1D model by reducing viscous effects in comparison to the oil feed.
1D and CFD predictions: oil feed
Streamlines at the distributor, for an average cross flow velocity of 1 m/s, are shown in Fig. 3 . An important feature observed at all cross flow velocities, is that the bulk of the flow goes down the channel, with very little flow above the distributor. This behaviour appears logical, but the degree to which this occurred was unexpected. Similar behaviour, not shown, was seen at the collector. This suggested that the 1D model could be modified with respect to the orifice dimensions. As an approximation, the orifice area at the distributor and collector orifices was halved based on the observations of the flow patterns. Halving the orifice area had relatively little impact on the overall pressure drop for a bank, but significantly altered the flow distribution to the channels.
A ratio of the maximum to minimum flow in any channel, κ, has been used as an overall measure of the maldistribution [18] . These results are summarized in Table 3 for the CFD, 1D half orifice and full orifice solutions. This simple measure can be misleading in cases where the flow in the first channel is very low, as in the 1D model using the full orifice area. The normalized flow rate in each channel is shown in Fig. 4 . The Table 3 Overall maldistribution, κ, for the CFD, 1D full orifice and 1D half orifice solutions for each cross flow velocity with oil CFD solutions are indicated by the solid lines while the 1D solutions using the half orifice area modification are shown by dotted lines. The normalized flow distributions in Fig. 4 are separated for visual clarity by shifting the curves in the ydirection by values of 0.5, 1, 1.5 and 2 for the 1, 2, 3 and 5 m/s design cross flow velocities respectively. Quantitatively the modified 1D and CFD solutions match well. Qualitatively the 1D solution always under predicts the curvature of the flow distribution, the trend increasing at higher cross flow velocities. The 1D flow maldistribution was over-predicted with the full orifice model (not shown for clarity).
The flow rate increases monotonically with increasing channel number. Previous 1D solutions [2, 3] for the flow distribution in a similar geometry were parabolic with a minimum skewed towards the entrance. Similar distributions were Fig. 3 . Streamlines at the distributor for mean cross flow velocity of 1 m/s with oil. obtained with our 1D model before incorporating the 1/7th power law velocity profile in the distributor and collector. Using a flat velocity profile yields inaccurate predictions for (1) the orifice losses [10] and (2) underestimates the pressure increase along the distributor and pressure decrease along the collector.
Pressure distributions along the distributor and collector are shown in Fig. 5 . Abscissa values are chosen such that each division represents the 0.00635 m increment of a channel or plate. The solid lines represent data from the CFD solution for each cross flow velocity along the plenum centerlines. The distributor is higher and the collector lower; decreasing to zero at the outlet. The 1D solution is indicated by symbols; the half orifice model using open symbols and the full orifice model using solid symbols. Differences in the pressure distributions between the full orifice and half orifice 1D models were not significant at the lower cross flow velocities.
The pressure increase along the distributor is the result of the decreasing velocity of the fluid, corresponding to the net flow rate decreasing as flow leaves the distributor into each channel. Likewise the pressure decrease in the collector towards the outlet is dominated by the velocity change due to incoming fluid. The last channel sees the highest distributor pressure and the lowest collector pressure, generating the greatest driving force for flow in that channel. The first channel sees the lowest distributor pressure and the highest collector pressure, generating the lowest driving force for flow in the channel at the inlet. This maldistribution of the pressure is exaggerated at higher cross flow velocities.
The 1D model qualitatively predicts the pressure distributions in the plenums. Quantitatively the 1D model underestimates the pressure values compared to the CFD solution by approximately 40% in the distributor. In the collector, the error is greatest at 0.5 m/s cross flow velocity (70% under predicted) and improves at the highest cross flow velocity to less than 10%.
Discrepancies in the pressure distribution for the two models may be due to the exit pipe used in the CFD grid to avoid recirculation at the boundary. If the 1D results in Fig. 5 are corrected for the pressure value at the end of the 1D model, or 0.05715 m, the error decreases to a maximum of 20% in either of the plenums. The correction was not applied because the 1D model assumes that steady state is achieved immediately after the flows have combined in the collector. For example, at the outlet, all losses are assumed to occur at the junction point at 0.0571 m, corresponding to the collector immediately after channel 5. The correction applied to the 1D model pressure values was the loss in the CFD predictions between 0.0571 m and 0.0699 m. However the loss in the extra exit tube in the CFD simulation represents losses which the 1D model has already accounted for, hence this correction should not be applied. At most a frictional loss, which was negligible, is the only correction which could be justified.
1D and CFD predictions: water feed
Comparisons between the 1D models and CFD predictions using water were similar to those with oil. The 1D full orifice model over-predicted the maldistribution to a greater extent than with the oil; κ values were grossly different in this case, ranging from 231 to 943 compared to the CFD and 1D half orifice models (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , Table 4 . Quantitatively, the flow distributions predicted by the 1D model, using the CFD as Table 4 Overall maldistribution, κ, for the CFD, 1D full orifice and 1D half orifice solutions for each cross flow velocity with water the baseline, were not as accurate as with the oil simulations. Qualitatively, the maldistribution was under-predicted at the first and last channels by the 1D model, but the accuracy of the predictions could be considered acceptable for module design purposes.
Greater maldistribution with water is consistent with reported experimental and theoretical predictions of Edwards et al. [3] . Pressure losses in the channel act to equilibrate the flow in the channels. The lower viscosity of the water feed reduces this equilibration leading to greater maldistribution.
1D predictions of plenum pressure distributions with water (not shown) for the five cross flow velocities were similar to those of oil in Fig. 5 . The inlet pressure predicted by the 1D model was 25-30% lower than the CFD solution at any of the cross flow velocities.
Overall pressure drops at the low cross flow velocities of 0.5 and 1 m/s were significantly lower with water as the feed compared to oil: 6.3 and 25.3 kPa for water compared to 11.9 and 32.7 kPa for oil, respectively. The channel losses represent a greater fraction of the overall pressure drop across the bank. At cross flow velocities of 2 m/s and higher; inviscid losses in the distributor, orifice and collector dominate for both fluids. The overall pressure drops were similar and marginally higher with water at 5 m/s due to its higher density. Frictional losses are minimal due to the short flow lengths in these portions of the bank.
Intra-channel flow distribution
Intra-channel flow distribution, or the velocity distribution across the width of the channel, is also important in determining module performance. A limitation of the 1D model as formulated is the absence of any such information. Velocity fields from the CFD solutions are shown for both oil and water in Fig. 6 , left and right respectively, across the mid-gap of channels 1, 3 and 5 at 2 m/s. The intra-channel maldistribution with oil became negligible shortly after entering the channel at the top. The maldistribution was greatest in channel 5, which had the greatest flow. When water was the feed, the intra-channel maldistribution was greater because of its lower viscosity. The ratio of the maximum to minimum velocity was 1.25, ignoring the wall boundary. This was negligible compared to the inter-channel maldistribution noted earlier, where κ = 13.7, Table 4 .
Maldistribution and overall productivity
Changes in the overall productivity in a plate and frame membrane module will depend on the local conditions; if they are pressure or mass transfer limited. If the flux over the entire permeating area in the module is mass transfer limited then a very small reduction is predicted. The effect of maldistribution on the overall flux for a given bank of channels can be estimated byk ′ , the overall mass transfer coefficient normalized by the mass transfer coefficient for perfect inter-channel flow distribution. Assuming J v ∝ k 1/3 and k ∝= V 1/3 , the average cross flow velocity in a thin channel in laminar flow [19] :
wherek and k ideal are the mass transfer coefficients for the overall stack and a channel with a cross flow velocity, V ideal , corresponding to perfect inter-channel flow distribution.
Consider the reference case of two channels with crossflow velocities of 1 m/s and fluxes of unity. If the maldistribution results in average cross flow velocities of 0.5 and 1.5 m/s (conserving the overall pumping rate) thenk ′ and J v would be 0.969. The lowestk ′ , 0.93, was observed with water at 5 m/s based on the bulk flows. This is a negligible drop in performance for an extreme case of maldistribution if the flux was mass transfer limited. The reduced flux from one channel is compensated for by the increased flux in the other.
The impact of flow maldistribution on productivity becomes more significant if local conditions change between mass transfer and pressure limited flux.
An example is a situation where the flux is just mass transfer limited and then the recirculation rate is increased. The maldistribution will increase and the flux will become pressure limited in the last channel, in this case the flux increase may be less than that predicted by film theory and the flux in the front channels will not increase by the amount expected. The higher recirculation rate will also require a higher average pressure in the module and may partially oppose the transition to pressure limited flux.
The overall retention of solutes is potentially as important as the overall module productivity. If solutes are partially retained, the channels with lower cross flow velocities can see a lower retention. This will be governed by the local flux/mass transfer co-efficient (J v /k) ratio and can be predicted from film theory. J v /k will not dramatically increase as would be expected because the local flux will also be lower, if it is mass-transfer limited.
These are purely qualitative discussions on the impact of flow maldistribution. A rigorous analysis will be the subject of future work and is beyond the scope of this work. There are other practical considerations, cleaning protocols would not be as effective and critical velocities may be required to avoid deposition of particulates. Fig. 6 . Intra-channel flow distribution for oil and water, left and right, respectively, for an average cross flow velocity of 2 m/s, at the mid-gap of channels 5, 3 and 1, respectively.
Conclusions
The flow and pressure distributions in a plate and frame ultrafiltration module operating in Z configuration were compared using two predictive approaches; (a) a 1D solution using Bernoulli type energy balance and (b) a three-dimensional CFD solutions of the Navier-Stokes equations. Using the CFD solution as a benchmark, the 1D model predictions were improved by implementing several features which are novel to this work, namely:
• incorporation of a variable contraction co-efficient in the distributor orifice in a closed distributor-collector arrangement, • the use of the 1/7th power law velocity profile in the distributor and collector, • halving the effective orifice area of the 1D model based on particle tracing and velocity distributions observed in the CFD solutions at the collector and distributor.
The flow distributions obtained with the 1D model with the modified orifice compared very well with the CFD predictions. Pressure distributions were qualitatively predicted, but the 1D model was typically 30% lower than the CFD values. The main advantage of the 1D model was the virtually instant generation of results and the minimal amount of effort required to modify the geometry of the module. Future work will use the 1D model to screen module design changes before verification with the CFD solutions.
Significant inter-channel flow maldistribution was predicted with both models. The mean flow rate increased monotonically with channel number in all cases and the maldistribution worsened with increasing design cross flow velocity. The maldistribution ratio, κ, increased from 2.0 to 6.9 with increasing mean cross flow velocities of 0.5-5 m/s when using oil as the feed. Using water as a feed increased κ from 9.6 to 20.6 for the same range of cross flow velocities, primarily due to the reduced pressure equilibration provided by the losses in the channel flow.
Velocity reductions along the distributor generated pressure increases at the end of a bank while the inverse occurred along the collector. These two pressure distributions coupled to generate an increasing pressure drop across the channels with increasing channel number, biasing flow to the final channel. 
